INTRODUCTION
The evacuation of people is called for when a natural or man-made disaster (e.g. hurricane, flooding, hazmat release, or dirty bomb) exposes a populated area to immediate or foreseeable life-threatening danger. After identifying the boundaries of the affected or threatened area, an associated evacuation zone is defined. All civilians in the evacuation zone have to be relocated, possibly with the guidance of a responsible coordinating agency (such as an emergency management agency), to safer locations (labeled the safety zone).
The evacuation process is a highly complex and difficult task involving multiple components, further exacerbated by the need for a systems level coordination across multiple jurisdictions. In the context of the transportation-related components, it entails the efficient utilization and coordination of roadway capacities, traffic management personnel and equipment, public transportation vehicles, and various emergency response resources. From a methodological standpoint, evacuation is a challenging problem because of the randomness associated with the disaster characteristics (including the intensity, spatial and temporal extent, etc.) leading to uncertainty on the available response infrastructure, the potential large-scale, and the possible lack of adequate lead time for effective response.
For disasters which have a sufficient lead time (i.e. a short-notice disaster such as a hurricane or flooding), evacuation management agencies determine alternate evacuation routes a priori based on the expected spatio-temporal impacts of the disaster. Civilians are then given advisories on which major roadways to use for evacuation. When an unexpected disaster occurs (i.e. a no-notice disaster such as a dam burst or a bio-chemical attack), evacuating a large population becomes more challenging due to the short lead time and highly unpredictable pedestrian and vehicular traffic flows. In this case, evacuees may crowd roadways and significantly cripple the entire transportation system rendering it inoperable in the absence of a strategic transportation response plan.
In recent years, events such as Hurricanes Katrina and Rita, have illustrated the need to better understand the intricacies and multiple facets of evacuation so that large-scale response to potential massive disasters is integrative, effective and efficient. In the Indiana context, large-scale flooding or coordinated terror attacks (NRC, 2002) are examples of potential extreme events requiring a coordinated response. A key challenge is to route people to the safety zone as soon as possible. An efficient evacuation routing plan is valuable because evacuations result in traffic volumes that exceed the available network capacity (Cova and Johnson, 2003) .
Evacuation response contingency plans entail identifying the set of routes which enable the fastest evacuation out of the evacuation zone, both in the planning and operational contexts. Hence, the evacuation response problem has two clearly demarcated stages in terms of time-scale. The first is associated with developing a long-term strategic plan that: (i) puts in place pre-determined strategies to respond to likely events, and (ii) strengthens the various components (such as the response infrastructure) to enhance response effectiveness (Viswanath et al., 2002) . The second addresses the actual operational strategy deployed in the immediate aftermath of the disaster when the extent and other characteristics of the disaster, and its effects on the response infrastructure, are known. Ideally, these two stages form part of an integrated evacuation response framework.
PROBLEM DESCRIPTION AND STATEMENT
In a recent JTRP project SPR 2874 (Peeta and Kalafatas, 2006; Kalafatas and Peeta, 2007) , the PI addressed the first stage of the evacuation response problem by developing a methodology to identify evacuation response routes that integrates strategies for infrastructure strengthening (through capacity addition for the associated roads) and supply-side strategies (such as contraflow and signal control modification). Hence, the long-term strategic planning would involve adding capacity (for example, adding lanes) to some critical links in the current road network by viewing it as a resource allocation problem. Further, it would involve training personnel for contraflow operation strategies as well as developing contingency plans for intersection/signal control. Hence, the focus of that study was to identify how an existing road network could be strengthened through a long-term plan.
As discussed in the previous section, this does not address real-time operational needs (representing the second stage of the evacuation response problem) that arise under an actual event, for the following reasons: (i) parts of the transportation infrastructure may be crippled and unavailable after an extreme event, (ii) the traffic conditions in the vicinity of the affected area can be significantly dynamic and unpredictable leading to uneven utilization of the available capacity (in the absence of evacuation information, people use routes they are most familiar with), and (iii) the interplay between route choice behavior and its effect on traffic dynamics (i.e., composition of evacuation traffic, roadway capacity changes) is not well-understood, and in many instances, ignored. The proposed study seeks to address these issues by providing an operational tool to dynamically route vehicles (including commercial trucks) under evacuation, thereby being responsive to the actual conditions unfolding in real-time in the traffic network, both in terms of the evolving traffic patterns (demand-side) and the available road infrastructure in the aftermath of the disaster (supply-side).
METHODOLOGY AND OBJECTIVES
The study methodology will consist of integrating demand-side and supply-side components into a single framework that generates real-time evacuation strategies. The demand-side component consists of developing evacuation behavior models that predict the decisions of both informed and uninformed evacuees in the evacuation zone. That is, it will seek to replicate the decisions of evacuees who access information on evacuation routes and other related aspects from the response coordination agency, as well as those who do not or cannot receive such information. The supply-side components consist of a dynamic traffic simulator and a dynamic optimal evacuation routing strategy model. The dynamic traffic simulator will be used to replicate the traffic flow dynamics that manifest during the evacuation process and the optimal evacuation routing strategy model will generate the time-dependent evacuation routes. All of these components will be combined to develop an integrated evacuation operations framework for field implementation to disseminate evacuation routes to the affected people. Currently, such frameworks do not exist in the literature with a sufficient level of realism in terms of modeling evacuation behavior. Most studies focus on the supply-side aspects of evacuation processes or qualitatively infer on evacuee actions based on aggregate data from actual disasters (such as Hurricane Katrina).
Demand-side Aspects
Evacuation behavior can be viewed in a hierarchical manner. The first level decision is whether to evacuate which is strongly affected by evacuees' perception of the nature of the disaster and the risk associated with it, which, in turn, is typically influenced by the means and extent of communication taking place, as well as by the impacts of past disasters. If an individual decides to evacuate, the second level of hierarchy is to decide the mode, departure time and route used to evacuate. Evacuation behavior is influenced by several factors (attributes): characteristics of the disaster (such as scope, potential intensity, lead-time, and level of threat to human life), socioeconomic characteristics (such as age, gender, income, household size, risk attitudes, trip purpose and familiarity with region), information effects (such as information type, perceived usefulness, compliance, inertia, delusion, and freezing), and past experience with evacuation calls and evacuation (which represent key elements of learning).
In the context of operational strategies, the first level of hierarchy determines the traffic "demand" for the evacuation and manifests as the time-dependent origin-destination (O-D) matrix. Here "origin" is as implied in typical transportation modeling, where the trip originates. However, "destination" may not be as straightforward as it can simply imply getting out of the danger zone, which can be difficult to characterize in terms of identifying specific destinations for individuals. This issue can be largely mitigated by identifying key network landmarks outside the danger zones as the "final" destinations for modeling evacuation. It becomes a lesser issue if normative strategies are adopted whereby people are restricted to some pre-planned routes for evacuation; which implies a planning study be performed a priori to generate evacuation plans for pre-conceived scenarios. In the recent past, the PI performed a study for INDOT to develop a framework to generate evacuation plans in the planning context. The destination choice is a bigger issue when solving for the online problem for phased evacuation for short-notice disasters. Further, a challenge arises when evacuees attempt to travel to several destinations within the evacuation zone; for example, to pick up their children from school or day-care (implying that trip purpose can be different from just seeking to move out of the danger zone). Incorporating such "pick-up" travel behaviors, which is also inundated with uncertainties, poses further complexities in the traffic assignment and the attendant systems.
The second level of hierarchy is a route choice problem and possibly a route guidance problem. It is in this context that the actual evacuation behavior can differ considerably from pre-determined evacuation response plans (Chiu and Mirchandani, 2005) emphasizing the critical role of effective operational control strategies to ensure efficient and timely evacuation from the danger zone. The Hurricane Rita experience reinforces this critical need.
While key differences exist between route choice/guidance for evacuation and that for "normal" travel, the associated quantitative behavior models (Peeta and Yu, 2002 , 2004 , 2006 Peeta and Ziliaskopoulos, 2001 ) have structural similarities with those needed for evacuation behavior and will be used as starting points for modeling evacuation behavior here. Both share several common factors and information-related phenomena (such as inertia, compliance, etc.). However, the information-related phenomena are manifest at the first level (the decision to evacuate). Interestingly, while the second level problem is similar to the route choice/guidance problem under "normal" traffic, the modeling structure used under "normal" travel can be more relevant to the first level decision-making. This is because behavioral phenomena related to learning from past experience and information effects Yu, 2004, 2005) significantly influence the decision on whether to evacuate. This illustrates the importance of the timescale issue in behavior modeling for short-notice evacuation, versus behavioral aspects that evolve over a long period of time (long-term). We will use the unifying framework of Peeta and Yu (2004) that seamlessly captures the short-term and long-term behavioral characteristics to simultaneously incorporate learning and reactive behavior.
Another aspect of behavior modeling related to evacuations is that information may be qualitative rather than quantitative; that is, "hurricane may affect your town" versus "the hurricane will reach your town in 2 hours". This leads to subjectivity in decision-making of whether to evacuate, and if so, when to evacuate. We will extend the hybrid model of Peeta and Yu (2005) to capture the quantitative and qualitative variables simultaneously.
As shown in Fig. 1 , it uses a discrete choice structure where the qualitative variable values are determined using a rule-based fuzzy set approach. The hybrid probabilistic discrete choice model has the form:
where U in is the utility of route i for driver n, V in is the systematic utility of route i for A key issue for evacuation behavior modeling is data availability. We will use stated preference (SP) surveys and controlled experiment methods to elicit potential attitudes towards evacuation in terms of disaster characteristics, response to information, situational factors, risk attitudes, and socioeconomic aspects. 
Supply-side Aspects
The supply-side consists of components that are needed to model the dynamics of network traffic flows and optimal evacuation route guidance. There is a consensus in the literature that the replication of the dynamics of traffic flows and the capture of the associated spatio-temporal interactions is best done through dynamic traffic simulators rather than using analytical expressions. We will build/use one such simulator and adapt it to the real-time evacuation route guidance implementation framework by building additional modules as necessary. In the operational context, network design formulations, and deployable dynamic traffic assignment frameworks Peeta, 2007a, 2007b) , which explicitly incorporate the time-dependency of traffic flows while solving for the specific objective, represent the appropriate methodological tools.
From the perspective of modeling of route and departure time choice, one of the key areas to address is the characterization of evacuation traffic flow. Three major issues in traffic flow that arise in evacuation are: (1) the vehicular mix in the evacuating traffic stream; (2) the use of contra-flow operations; and, (3) the phasing of evacuations.
First, the traffic mix during an evacuation differs considerably from normal conditions.
Drivers are under the stress of potential loss of life and property, and the evacuating vehicles are often filled with children, the elderly, pets and personal belongings.
Evacuees often attempt to salvage valuable property by loading them into trailers, pulling heavy loads with their vehicles. In addition, evacuees have a tendency to move all drivable (but perhaps marginally roadworthy) vehicles from the evacuation zone. Like for Hurricane Rita, stalled vehicles due to mechanical problems or running out of gas also may create unexpected disturbance to traffic flows. These factors not only increase demand, but also reduce roadway capacity (Whitehead, 2003) . Capturing such key parameters will fundamentally impact all traffic-related planning and operational analyses for evacuations.
The second key research topic is planning and executing network capacity reconfiguration, such as implementing contraflow (reverse flow on a lane). In the past, eleven states have expressed plans to reverse segments of interstate highway to evacuate coastal areas during hurricanes (Whitehead, 2003; Wolshon, 2001; TXDOT, 2000; ASCE, 1997; Augustiniak, 2001) . Transportation agencies and Homeland Security offices are discussing contraflow for evacuation of cities under threat of terrorist or other man-made hazards. Freeway contraflow evacuation was implemented for the first time during Hurricane Floyd in 1999, with mixed results (Stubblefield, 2000; Smith and Hibbert, 2000) . Recently, contraflow was used in the evacuations for Hurricanes Katrina and Rita. Although contraflow is widely viewed as the best way to increase outbound flow during evacuations, it is not without concerns. Because it is largely unevaluated, the true costs and benefits of contraflow, in terms of its capacity improvements, safety, and manpower requirements, remain unclear (PBS&J, 2000; Wolshon, 2001; FEMA, 2000) .
Most importantly, limited theoretically sound approaches exist to assist in the planning and operations of contraflow facilities. Notably, without proper dispersion of the flow at the downstream terminal of the contraflow lanes, a major bottleneck can be created, severely reducing the effectiveness of this strategy. Peeta and Kalafatas (2006) address this issue as part of the JTRP Study SPR 2874.
From the viewpoint of evacuation operations, safety, activation timing and traffic controls are of primary concern in implementing contraflow. Because vehicles are "driving the wrong way", drivers are at risk from opposing traffic (Ching, 1989) , and face confusing and dangerous situations because traffic control devices and safety appurtenances are designed for flow in the opposite direction. On arterial roadways, contraflow has been shown to significantly increase both rear-end and left-turn accidents (Wainright, 1993) . Also, officials in most states feel that reverse flow lanes should not be implemented until traffic volumes reach or rapidly approach capacity; however, this opinion is not universally held (Wolshon et al., 2005a (Wolshon et al., , 2005b . Currently, there are no recognized standards or guidelines for the design and operation of contraflow evacuation segments, and existing practices vary significantly (Urbina and Wolshon, 2003) .
Third, another innovative operational method is the implementation of phased evacuation to regulate the traffic loading on the road system. The most significant obstacle limiting, or in many cases preventing, its use is that it has not been tested and no tool exists to forecast the best timing for phased evacuation. Hence, among the objectives of this project is the development of methods to design and evaluate the feasibility of "phased"
evacuations.
The capability to simultaneously determine the optimal evacuation destinations, routes, and schedule given deterministic and stochastic inputs of short-notice disaster scenarios is critical for effective evacuation planning and operations. Depending on the characteristics of disasters, the perimeter of the evacuation zone could be time-dependent or time invariant. Most common disasters like hurricane, flooding, or air-borne hazmat release have dynamic impact zone perimeters or spatial trajectories that change over time.
In reality, such trajectory information is usually estimated using meteorological approaches (hurricane), hydraulic analysis (flooding) or plume dispersion modeling techniques (air-borne hazmat release). Such information, once generated, provides spatial-temporal trajectories of the short-notice disaster, which, in turn, serve as important inputs for modeling and solving for the evacuation flow assignment.
The optimal evacuation flow assignment problem should take into account the potential for network capacity reconfiguration and deploying the first-responders of emergency services because the associated flows may be traveling in opposite or conflicting directions. Methods to move evacuees out of evacuation zones and mobilize first responders into these zones rely on careful investigation of both planning and operational decisions. From a planning perspective, contraflow lanes need to be planned (location and length, etc.) and engineered (geometric design, signage and marking etc.) so that they can be put into service if needed. Dynamic temporal network reconfiguration by detouring local traffic may also provide increased efficiency in both evacuating citizens and deploying first-responders. Most network design problems appearing in the literature are concerned with typical link improvement decisions subject to budget constraints and user equilibrium or user optimal flow conditions (such as Marcotte and Marquis, 1992) , except one that explicitly discusses the network redesign for a contraflow facility using scenario-based simulations (Tuydes and Ziliaskopoulos, 2003) . In the context of evacuation management, the decision objective is different from typical transportation system planning; here the decisions may include contraflow lanes (planning decisions) or detouring involving one or several assigned routes (operational decision), which is intrinsically more challenging than a typical link-based network design problem.
WORK PLAN Task 1. Literature review
A survey of the literature will be conducted to identify the best practices currently employed by federal and state agencies related to mass evacuation. Also, the existing literature on the demand-side and supply-side of evacuation operations will be reviewed.
Task 2. Development of evacuation behavior models
This task will seek to understand and explore the underlying evacuation behaviors and optimal communication strategies to evacuees. Using the framework of Peeta and Yu (2004 , 2006 , models will be developed to determine driver route decisions under evacuation scenarios. These models will represent one of the components in the integrated evacuation operations framework of Task 5.
Task 3. Traffic flow and dynamics
A dynamic software tool (such as DYNASMART or DYNAMIT or GAMS/CPLEX) will be adapted to characterize vehicular traffic flow and dynamics under evacuation orders. It will be another component in the integrated evacuation operations framework of Task 5.
Task 4. Optimal evacuation strategy model
This task will formulate and solve for the optimal destinations, routes, flows, and departure times, and possible network capacity reconfigurations (e.g., allowing contraflow lanes) which minimize total evacuation time using a time-phased evacuation strategy (for short-notice evacuations). Dynamic traffic assignment (Peeta and Ziliaskopoulos, 2001) 
Task 6. Preparation of final report
The results of Task 1 through 6 will be summarized and presented in a final report. Four additional months are provided to receive SAC feedback and finalize the report.
COMPUTER PROGRAM DEVELOPMENT
This study may require the use of new or existing software for dynamic traffic simulation/assignment. Also, behavior models and other procedures developed as an outcome of the study will be provided as software modules for implementation.
EXPECTED BENEFITS, DELIVERABLES, ANTICIPATED IMPLEMENTATION, AND COST SAVINGS
The study will provide real-time tools for the planned evacuation of the population in the affected region. The specific benefits of routing vehicles dynamically based on the evolving traffic conditions are: (i) capability for the system operator to adjust, in realtime, the routing strategies based on evolving traffic conditions (which are dynamic and possibly random given the large-scale nature of the evacuation phenomenon), (ii) the ability to provide civilians timely information on evacuation based on the current traffic conditions and the physical traffic network infrastructure that exists after the event, and (iii) capability to determine, in real-time, the quickest routes for the first responders, and more generally, for emergency response units over time.
Anticipated implementation is based on adapting a commercial software that enables INDOT to implement dynamic routing and re-routing strategies to address unfolding security threats and natural disasters in densely-populated regions (such as Indianapolis).
Further, the software will also enable INDOT to develop efficient contingency response plans by analyzing several potential "what-if" scenarios of disasters/threats. Hence, the package will be useful for long-term planning, in addition to real-time operations.
WORK TIME SCHEDULES
The project is expected to start on January 1, 2008. The project will continue for 32 months, plus four months for review and revision of the draft final report. The project tasks will be based on the Work Plan discussed in Section 5. Semi-annual reports (S) and a project final report (F) will be submitted according to the time line shown in the following table. 
COST ESTIMATE
The Principal Investigator, Prof. Srinivas Peeta, will spend 10% of his time during the academic year and four combined summer weeks for the last two years of the project.
One half-time graduate research assistant will be supported on the project for twenty months in the last two years. Cost-share of $50,000 will be requested through the NEXTRANS Center for Year-1 to develop the evacuation behavior models and for addressing the associated traffic flow dynamics. The line item budget is as follows: The PI has very good background to conduct this important work. He has put together an extensive advisory board and the modeling approaches are bound to have a positive impact in terms of understanding emergency evacuation. The PI has developed these models before and is well positioned to conduct this work. I would highly recommend to fund this project. 
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